ABSTRACT As many target characteristics can be extracted from the echoes by inverse synthetic aperture radar (ISAR), the jamming signal on ISAR need to simulate the electromagnetic scattering characteristics and kinematics characteristics with high fidelity. Based on the principle of periodic 0-π phase modulation, a method generating 2-D ISAR group targets is proposed. Radar pulses are sampled and modulated according to periodic 0-π phase sequence by the escort free-flight jammer, and then the modulated signals are retransmitted to the protected target, which can generate verisimilar false target images in ISAR. After the principle of escort free-flight jamming is introduced, the theory of periodic 0-π phase sequence is expounded. The generation process of jamming signal is analyzed. According to the 2-D output expression, the jamming effects with different modulation parameters are demonstrated. A theoretical study is carried out to determine the number, amplitude and space distribution of false targets. Experimental results of scattering model of an aircraft illuminate the effectiveness and correctness of the proposed method.
I. INTRODUCTION
The inverse synthetic aperture radar (ISAR) has been proven to be a powerful signal processing tool for imaging moving targets usually on the two-dimensional down-range crossrange plane [1] - [4] . ISAR imagery plays an important role especially in military applications such as target identification, recognition, and classification [5] - [8] . Owing to the capabilities of all-time, wide-view and high-resolution imaging, ISAR has been a threat to the penetration of missiles and aircraft targets [9] , [10] . Therefore, how to implement effective jamming to ISAR has been a research hotspot in the radar countermeasures. For the purpose of not being detected by ISAR, many methods are developed. Generally, according to different jamming styles, there are two main jamming techniques for ISAR: barrage jamming and deception jamming [11] - [13] . Barrage jamming uses noise or noise-like signal to cover the target echo, which leads to a lower signalto-noise ratio (SNR) in the ISAR image. But it requires large jamming power because the jamming signal is incoherent with target echoes. In deception jamming way, false targets are generated by simulating the characteristics of the real target echoes. The multiple false target images retaining the real target information could confuse the hostile ISAR and lead to mistake judgment in radar receiver [14] , [15] . Meanwhile, the jamming power is reduced comparing to barrage jamming. Therefore, more and more attention has been paid to the ISAR deception jamming.
In terms of ISAR deception jamming, many algorithms have been proposed. The idea of digital image synthesizer (DIS) was first introduced by Pace et al. in [16] . By imposing modulation parameters on the samples, a false image with the target information is generated. However, when it comes to producing multiple false targets, there will be a huge increase on computation. In [17] , target pose and motion information have been utilized to generate more verisimilar false target images. Furthermore, a false target deception jamming method based on micro-motion characteristics was expounded in [18] . While one common drawback attached on these algorithms is that the algorithm implementation is complex and computation is huge. In order to solve this problem, Xu et al. [19] proposed an improved DIS method . First, the modulation signal is divided into two parts according to the radar parameters and the incoherent part is stored in jammer in advance. Second, the radar signal is multiplied by the modulation coefficients to form the jamming signal. To improve the fidelity of false targets in different attitudes, a deception jamming method was proposed in [20] using electromagnetic properties. A series of false targets along the down-range direction are produced based on subNyquist theorem in [21] - [23] . Meanwhile, the jamming effect of the sub-Nyquist method on the bistatic ISAR is discussed in [24] . It is pointed out that the rotation angle of the false target image depends on the angle relationship between the jammer, the target and ISAR. Yang et al. [25] introduce the scatter-wave jamming (SWJ) idea into ISAR jamming and an equivalent bistatic ISAR model was established when considering the position relationship between the radar, jammer and target. Unfortunately, the computation and complexity are huge when generating multiple false targets. In order to solve the problem, Feng et al. [26] proposed a jamming method based on product modulation. The basic idea is that the jamming signal template is generated offline and multiplied by the intercepted radar signal to produce jamming signal. However, the jamming signals and target echoes arrive at the radar with a relative long time difference, which leads to the correlative target recognition.
The above research on ISAR jamming mainly focuses on the scenarios where the jammer is stationary or mounted with the targets. It suffers from some problems such as less false targets, complex computation, and larger jamming delay. The study on the escort free-flight jamming technique still remains in the barrage jamming, and the deception jamming applied in this scenario has not been reported. To guarantee the successful penetration of aircraft targets or missiles, a method generating multiple false targets is proposed based on periodic 0-π phase modulation for countering ISAR in this paper. The intercepted radar signals are modulated in phase according to the periodic 0-π sequence, and then the modulated samples are retransmitted to the moving target. The jamming signals backscattered by the target arrive to the radar receiver, and after ISAR imaging processing, a set of false target images will be induced with fine resolution. It is difficult for the ISAR to make the decision to recognize the real target among the multiple false targets which remain much of the real target information.
The remainder of this paper is organized as follows. Section II defines the geometry of escort free-flight jamming, and introduces the characteristics of periodic 0-π phase sequence as well as jamming signal model. The false targets generation process is expounded in Section III. Section IV analyses and discusses the characteristics of the deceptive false target images. The simulation results based on a plane model with 310 point scatters are shown and discussed in Section V. Finally, some useful conclusions are presented in Section VI.
II. PRINCIPLE OF ESCORT FREE-FLIGHT JAMMING AND SIGNAL MODEL A. PRINCIPLE OF ESCORT FREE-FLIGHT JAMMING
Without loss of generality, the two-dimensional down-range cross-range plane is adopted to analyses the jamming characteristics. The geometry of the moving target, ISAR and the escort free-flight jammer is shown in Fig. 1 . The escort free-flight jammer flies ahead of the moving target and locates between the ISAR and moving target. The jammer is equipped with two antennas. One is mounted on the header of the jammer and keeps pointing to the ISAR. The other is placed at the end of jammer and points to the protected target. When the radar signal is intercepted by the head antenna, the jammer starts sampling the radar signal. After modulating and processing the samples, the samples are retransmitted to the protected target through the tail antenna. The significant advantage of escort free-flight jamming is that the two antennas are installed at the head and tail of jammer, which reduces the isolation requirement of the receiving antenna and transmitting antenna. So the signal acquisition, modulation and transmission can be carried out simultaneously. The response speed of the jammer is improved compared with other jamming methods.
Usually, the location of the hostile ISAR has to be acquired at first. Coordinate UOV is defined at the ISAR position, where U -axis is parallel with the ground and V -axis is perpendicular to the U -axis. As shown in Fig. 1 , the ISAR locates at O with the coordinate (0, 0), while the coordinates of jammer and target are (U J , V J ) and (U T , V T ). Generally, the moving target has both translational component and rotational component. In this paper, it is assumed that there is no translational component between the target and the radar, that is, it is considered that the target translational component can be compensated ideally. In Fig. 1 , the moving target motion can be equivalent to the circular motion around the point o with a rotation rate ω and o is the center of the moving target. The range vectors from origin o to radar and jammer are R R and R J , respectively.
The included angle is defined as α. The range vector from radar to jammer is R RJ . For the simplicity of analysis, another two-dimensional coordinate xoy is established on the target. The x-axis is the bisector of α and the y-axis is perpendicular to the x-axis. The geometry shown in Fig. 1 can be equivalent to bistatic ISAR imaging scenario, where the jammer is described as transmitter and radar is receiver.
B. PERIODIC 0-π PHASE CODED SEQUENCE
The phase coded pulse signal is composed of many subpulses. The width of each sub-pulse is equal while the phase is determined by a coded sequence. Assuming that the width of each sub-pulse is τ 0 , the envelop of phase coded signal can be written as
where a (t) is the amplitude modulation function, generally presented as a rectangle pulse. ϕ (t) is the phase modulation function. For the 0-π phase coded sequence, it only has 0 and π phase value. According to (1), the 0-π phase coded sequence can be presented as
where c n is the nth coding value, −1 or 1. * denotes the convolution, and rect (t/τ 0 ) yields 1 when |t/τ 0 | < 0.5, and is 0 otherwise. For the 0-π phase coded pulse signal, the coding value of each sub-pulse is random. But in practice, we can control the coding value of each sub-pulse. In this paper, we use the 0-π phase coded sequence under the following conditions: T m = mτ 0 , where m is the number of sub-pulses contained in a coding period T m . The periodic 0-π phase coded signal is shown in Fig. 2 . On the basis of (2), the periodic 0-π phase coded sequence can be written as
According to the signal processing theory, there are the following Fourier transform relations:
where
is called the phase modulation frequency, and the sin c function is defined as
So the frequency spectrum of p (t) can be expressed as:
where A n and B n are the amplitude coefficients and presented as follows:
Equation (7) shows that the periodic 0-π phase coded sequence contains many sideband components at harmonics of the phase modulation frequency f m . Thus, corresponding frequency shifts would be added on the echoes after modulating the radar signal with the periodic 0-π phase coded sequence, which can generate false targets and complete deception jamming in radar.
Especially, when T m = 2τ 0 , p (t) becomes a square wave signal. Equation (7) can be rewritten as
From (10) we can see that the even order harmonics of p (t) become zero, while the amplitudes of odd order harmonics become smaller with the increase of the order n.
C. SIGNAL MODEL
Suppose an ISAR that transmits a linear frequency modulation (LFM) signal with center frequency f 0 , chirp rate k and pulse width T p . The pulse repetition interval (PRI) is T PRI . The LFM signal can be presented as
wheret is defined as the fast time, which is used to calculate the propagation time of electromagnetic wave. t m = mT PRI is the slow time and represents the pulse transmitting moment. t is the full time and satisfies t =t + t m . The signal bandwidth B can be calculated as B = kT p . When the ISAR signal arrives at the jammer, the jammer samples the radar signal in the fast time domain and modulates the samples in phase according to the periodic 0-π phase coded sequence. Without considering the scattering and shadowing, the point-scatter model is simple and good enough for modeling a rigid-body target [24] . Suppose that the target consists of N point scatters and each random scatter P i locates at (x i , y i ) with complex scattering coefficient σ i . The range VOLUME 6, 2018 vector between origin o and point scatter P i is r i . The included angle of vector r i and x-axis is θ i = θ i0 + ωt at the moment t and θ i0 is the initial angle. Without considering the delay of jammer system, the jamming signal can be expressed as
where t 1 is the defined as
and · represents the Euclidean norm and c is the speed of the electromagnetic wave propagation. The jamming signal is scattered back to the ISAR receiver by the protected target. The echoes of jamming signal from the protected target can be presented as
Therefore, according to (12) , (13), (14), and (15), Equation (14) can be rewritten as
From (12) to (16) , the jamming signal model received by the ISAR is derived. The imaging results of jamming signal and jamming characteristics will be discussed in the following Sections.
III. FALSE TARGET IMAGES GENERATION PROCESS
In ISAR imaging processing, the de-chirping compressing method is usually adopted to achieve high resolution range profile (HRRP) and reduce the bandwidth of the radar receiver [1] . Suppose the reference range vector is R ref , the reference signal can be written as
where T ref is the pulse width of the reference signal, usually a little larger than T p . After de-chirping processing and compensating the residual video phase item, the jamming signal can be presented as
and changes slowly with the slow time t m . In (19) , the first phase item changes fleetly with the fast timet and it is the basis for constructing the HRRP. The second phase item changing slowly with the slow time t m is called as the Doppler-frequency item and used to obtain the cross resolution of the ISAR images. Substituting (3) into (19) and the HRRP of jamming signal echoes are written as
where A n +B n is the amplitude coefficient produced by phase modulation. Due to the coupling property between time delay and Doppler frequency of LFM signals, we getf = − 2kr c . Then Equation (20) in down-range domain can be written as
When the change values of R i (t m )/2 exceed a range cell, there will be range migration in the HRRP. In the following analysis, we suppose that the range migration is compensated. That is, R i (t m )/2 becomes a constant in (21) .
Suppose that T I is the pulse integration time, when t m ∈ [− (T I /2) , (T I /2)], the rotation angle ωt m is small. So we can derive the following equation. That is:
From (22), we can obtain the Doppler frequency of point scatter P i as follows:
Applying the Fourier transform to (21) in the slow time, the two-dimensional images expression can be written as
Form (24) we can see that after ISAR imaging processing of jamming signal echoes, an amount of false target images are generated and distribute around the real target image. N is the total number of false target images and n represents the nth order false target image. The amplitudes of false target images are decided by sin c function and phase modulation coefficient (A n + B n ). The nth order false target image of point scatter P i locates at
From (24) and (25) we can see that the false target images which retain the same information as the real target distribute in different positions along the down-range direction. For victim ISARs, it is hard to distinguish the real target from them.
IV. CHARACTERISTICS ANALYSES AND DISCUSSIONS

A. POSITION AND NUMBER OF FALSE TARGETS
From the analyses of above section, we can see that multiple false target images are symmetrically distributed the zero-order false target in the imaging plane whereas the Doppler frequency of each point scatter is the same. According to (25), the point scatter P i in the nth order false target image is located at r (n) = − [ R i (t m )/2 + cnf m /2k] along the down-range direction of the image plane, Therefore, the interval of two adjacent false target images is
From (26), it can be seen that r is proportional to the phase modulation frequency when chirp rate k is constant. In order to distinguish the adjacent false target images, r should be larger than the down-range length of the real target. Suppose that the target owns the width L along the down-range direction, r should satisfy
That is:
It implies that if the phase modulation period does not satisfy (28) , the adjacent false target images will overlap with each other, which can not form the deception jamming.
Suppose the two-dimensional imaging plane takes up L max along the down-range direction, the maximum number of false target images displaying in the imaging plane can be calculated as follows:
where · rounds the element to the nearest integer towards zero.
B. AMPLITUDES OF FALSE TARGETS
According to (24) , the amplitude of point scatter P i in the nth order false target image can be expressed as
where |·| returns the absolute value of corresponding element. During the imaging interval, it can be seen that from (30) AMP n_i is proportional to the phase modulation coefficient (A n + B n ) when σ i T p T I is constant. We define the item |A n + B n | is amplitude modulation factor. The analyses of amplitude modulation factor of point scatter P i in the nth order false target image are presented as follows. According to (8) and (9), we can see that A n and B n have a close relationship with phase modulation period T m and phase modulation duty ratio τ 0 /T m . Meanwhile, they are also modulated by the sin c function. Take T m = 2µs as a constant, the phase modulation duty ratio is 0.2 and 0.5, respectively. The relationship between |A n + B n | and the false target order n is shown in Fig. 3 . As can be seen from Fig. 3 , for different phase modulation duty ratios, the amplitude modulation factor is zero when n satisfies some conditions. That is to say, the corresponding nth false target image can not be seen in the image plane. For example, whenτ 0 /T m = 0.2, |A n + B n | is zero when n = 2l, (l = 0, l ∈ Z ) and when τ 0 /T m = 0.5, then |A n + B n | is zero when n = 2l, (l = 0, l ∈ Z ). Generally, the bigger value of τ 0 /T m , the larger of amplitude of false target images at the same order n except for the cases that |A n + B n | is zero.
C. CROSS-RANGE RESOLUTION OF FALSE TARGETS
In the ideal case, the ISAR, jammer, and target should be on a straight line. But it is difficult to implement in practice. Then the geometry of them becomes the scene as shown in Fig. 1 . The imaging process of jamming signal is equivalent to the bistatic ISAR [28] . The jammer is transmitter and the ISAR is receiver. According to (23) , the Doppler frequency of point scatter i can be rewritten as
where λ = c/f 0 is the wavelength, and x i = r i cos (θ i0 ) is the projection of vector r i along the x-axis. According to the ISAR imaging theory [2] , the Doppler resolution is determined by the coherent integration time. That is
Substituting (32) into (31), we get the cross-range resolution of point scatter i
Especially, when α = 0, ρ i becomes
This is the situation where the ISAR, jammer, and target are on a straight line.
From (33), it can be seen that in the equivalent bistatic mode, the cross-range resolution are not constant but changing with the induced angle α. Comparing (33) with (34), we can see that the cross-range resolution gets poor, which leads to a α/2 rotation of false target images compared with the real target image in the range-Doppler plane. The relative cross-range resolution is defined as the ratio of crossrange resolution in bistatic mode to that in monostatic radar. Namely:
To ensure that the tail antenna of the jammer keeps tracking the target, the angle α is usually controlled in 0 ∼ 60 • . The corresponding ρ rel is shown in Fig. 4 . From Fig. 4 , it can be seen that the relative cross-range resolution ρ rel keeps around 1 when the angle α changes in 0 ∼ 60 • . This indicates that the jamming signal has little effect on the cross-range resolution even if the ISAR, jammer and target are not on a straight line. However, the angle α should be as small as possible to avoid generating the rotation of false target images. This means that the jammer should be placed on the line between the ISAR and target as close as possible.
D. COMPUTATION ANALYSES AND COMPARISON
It is now appropriate and valuable to evaluate the efficiency of the proposed method. According to (16) , the nature of periodic 0-π phase modulation can be described as production computation between the radar signal s 0 t, t m and the 0-π phase coded sequence p (t). Assuming that the jammer intercepts and modulates N p pulses and each pulse contains N s samples. Therefore, the computation load of the modulation process is N p × N s multiplications. Referring to literature [16] and [19] , we can find that there are N p × N s × N r multiplications for the phase modulation, N p × N s × N r multiplications for the amplitude modulation, and N p × N s × N r additions for the sum of multiple range bins in DIS method. N r denotes the number of range bins. When it comes to T-DIS method, the multiplication computation is unchanged while the addition computation reduces to zero comparing to DIS. The comparison of computation load is presented in Table 1 . It can be seen that the proposed method is easier to implement. Moreover, multiple false targets can induced using our method while only one false target image generates in DIS or T-DIS. 
V. SIMULATIONS
To further demonstrate the deception effect of false target images proposed in the paper, an airplane model of 310 point scatters is adopted to make simulations. All the simulation results are normalized on amplitude relative to the real target. The complex scattering coefficient σ i is 1 for all scatters. The point scatter model of airplane is shown in Fig. 5 (a) . It takes up 57.68 m along the down-range direction and 57.8 m along the cross-range direction. Table 2 presents the main simulation parameters. The radar is operating at 10 GHz and transmitting a LFM waveform with 300 MHz bandwidth. The pulse width is 10 µs and pulse repeat frequency (PRF) is 1 KHz. A total of 512 echo pulses are collected, which 3544 VOLUME 6, 2018 Since N max = 2kL max /cf m as shown in (29) , more false target images will be generated with the increase of T m when L max and k are constant. The maximum number of false targets is 5 and 9 as shown in Fig. 6(a)-(b) , respectively. When T m = 0.09µs is larger than 0.087 µs, the two adjacent false target images are superposed in Fig. 6(b) . For the balance of good discrimination and false target number, T m should be selected carefully.
B. FALSE TARGET IMAGES WITH DIFFERENT
From (26) we can see that the interval of two adjacent false target images is changeless when the phase modulation period T m is a constant, which indicates that the phase modulation duty ratio τ 0 /T m would not affect the space distribution of false targets. As can be seen from Fig. 3 , the amplitudes of false targets are determined by τ 0 /T m . Take T m = 0.1µs as a constant and α = 0 • , the simulations results with τ 0 /T m = 0.2 and 0.5 are illustrated in Fig. 7(a)-(b) , respectively.
According to (29) , we can calculate the number of false targets is 10 when T m = 0.1µs. However, these false target images are all not invisible in the image plane. When τ 0 /T m = 0.2, the amplitude modulation factor |A n + B n | is zero when n = 5l, (l = 0, l ∈ Z ), which indicates that the 5th order false target is invisible in the image plane. So there are only 9 false target images in Fig. 7(a) . When τ 0 /T m = 0.5, the amplitude modulation factor |A n + B n | is zero when n = 2l, (l = 0, l ∈ Z ). The amplitudes of the even order false target images are zeros so that the number of false target images is only 5 in Fig. 7(b) . Meanwhile, the amplitude of the false target with the same order is not equivalent because of the different duty ratio as shown in Fig. 7(a) and Fig. 7(b) . A bigger duty ratio will leads to a bigger amplitude of false target with the same order except for invisible images as illustrated in the attached colorbars of Fig. 7 . This simulation results are in accordance with the theoretical analysis presented in Section 4.
C. FALSE TARGET IMAGES WITH DIFFERENT α
When the ISAR, jammer and target are not on a straight line, the ISAR becomes the bistatic configuration. As we all know, the bistatic ISAR can be regarded as monostatic ISAR which will lead to a rotation of images [28] . The false target images will have a α/2 rotation compared with the real target image in the monostatic configuration. To demonstrated this effect, we takeT m = 0.05µs and τ 0 /T m = 0.2 as constant. The simulation results with α = 60 • and 120 • are illustrated in Fig. 8(a)-(b) .
From Fig. 8 , we can see that the false target images rotates 30 • in Fig. 8(a) and 60 • in Fig. 8(b) compared with the target image in Fig. 5(b) , which is in accordance with the analysis in Section 4. Meanwhile, the difference between the false target images and the real target image is becoming large with the increase of α. Generally, to decrease the difference between the false target images and the real target image, the angle α should be controlled in 0 ∼ 60 • . To prevent rotating of false target images, the angle α should be as small as possible. That means that the jammer should be placed around the line from ISAR to target as close as possible.
VI. CONCLUSION
In this paper, a novel method of multiple false targets deception jamming based on periodic 0-π phase modulation is proposed. Based on the pulses sampled and modulated by the escort free-flight jammer and retransmitted to the protected targets, deceptive false targets are formed in the ISAR. The effectiveness and correctness are verified by the theoretical analyses and simulation results. This new jamming method presents the following characteristics: First, the induced false target images have the same scattering characteristics with the real target, which makes it difficult for the ISAR to identify and track the real one. Second, the number, amplitude and space position can be adjusted flexibly by changing the phase modulation period and duty ratio. Last, the requirement for the isolation of receiving-transmitting operation is decreased due to the separate placement of receiving antenna and transmitting antenna, which makes it possible that the sampling, modulation and transmitting can operate at the same time. The delay of jamming signal is shorter when comparing with the interrupted sampling repeater jamming. Our work presented in this paper can offer the guidance for the development of airborne jammers. 
